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TECHNICAL NOTE
Fluorescent determination of chloride in nanoliter samples
NE´STOR H. GARCI´A, CRAIG F. PLATO, and JEFFREY L. GARVIN
Division of Hypertension and Vascular Research, Henry Ford Hospital, Detroit, Michigan, USA
Fluorescent determination of chloride (Cl2) in nanoliter samples. methods have drawbacks. For instance, the use of radio-
Background. Measurements of Cl2 in nanoliter samples, such as active Cl2 does not permit “real-time” measurement of
those collected during isolated, perfused tubule experiments, have been
Cl2 flux, and there are serious problems associated withdifficult, somewhat insensitive, and/or require custom-made equipment.
We developed a technique using a fluorescent Cl2 indicator, 6-methoxy- the use of radioactivity. Moreover, 36Cl has a relatively
N-(3-sulfopropyl) quinolinium (SPQ), to make these measurements low specific activity [14]. Measuring Cl2 by electrochemi-simple and reliable.
cal titration with silver or mercury and by the opticalMethods. This is a simple procedure that relies on the selectivity of
the dye and the fact that Cl2quenches its fluorescence. To measure method using mercuric thiocyanate requires specialized
millimolar quantities of Cl2 in nanoliter samples, we prepared a solu- equipment, and both techniques have relatively low reso-tion of 0.25 mm SPQ and loaded it into the reservoir of a continuous-
lution (as defined by two times the standard error dividedflow ultramicrofluorometer, which can be constructed from commer-
cially available components. Samples were injected with a calibrated by the slope) in the range of 6 mm [1]. The latter assay
pipette via an injection port, and the resultant peak fluorescent deflec- has additional drawbacks: The reagents are caustic, andtions were recorded. The deflections represent a decrease in fluores-
the ultramicrocolorimeter needed for the assay cannotcence caused by the quenching effect of the Cl2 injected.
Results. The method yielded a linear response with Cl2 concentra- be built from commercially available components, re-
tions from 5 to 200 mm NaCl. The minimum detectable Cl2 concentra- quiring expensive custom construction of electronics andtion was approximately 5 mm. The coefficient of variation between 5
cuvettes. Chloride-selective electrodes require highlyand 200 mm was 1.7%. Resolution, defined as two times the standard
error divided by the slope, between 10 and 50 mm and between 50 and specialized equipment, are time consuming to construct,
200 mm was 1 mm and 2.6 mm, respectively. Furosemide, diisothiocya-
and are sensitive to bicarbonate and furosemide, both ofnostilbene-2,29-disulfonic acid and other nonchloride anions (HEPES,
HCO3, SO4, and PO4) did not interfere with the assay, whereas 150 mm which may vary in concentration during an experiment.
NaBr resulted in a peak height greater than 150 NaCl. In addition, We developed a simple and safe technique to measure
the ability to measure Cl2 did not vary with pH within the physiological
millimolar quantities of Cl2 in nanoliter samples. It pro-range.
Conclusion. We developed an easy, accurate, and sensitive method vides consistent “real-time” measurements of Cl2, using
to measure Cl2 concentration in small aqueous solution samples. the fluorescent indicator 6-methoxy-N-(3-sulfopropyl)
quinolinium (SPQ), a quinolinium derivative that under-
goes fluorescence quenching upon collision with halide
To understand NaCl homeostasis, it is important to ions [14, 15]. This Cl2 indicator provides a sensitive and
be able to measure the movement of chloride (Cl2) selective assay with better resolution than titration or
across renal tubular epithelial cells [1–6]. Several meth- optical absorption-based assays. The ultramicrofluo-
ods have been used to quantitate the small Cl2 fluxes rometer required for this assay was constructed primarily
that occur across the membranes of isolated perfused from commercially available components.
tubules. These techniques include the measurement of
unidirectional fluxes using radioactive Cl2 [2, 7, 8], the
net fluxes using either colorimetric titration of Cl2 [9, METHODS
10], chloride-selective microelectrodes [11, 12], or optical Figure 1 shows a schematic diagram of the ultrami-
measurement using an assay based on the reaction of crofluorometer used in the Cl2 assay. It consists of a 100
Cl2 with mercuric thiocyanate in the presence of ferric W Hg spectral lamp (Osram Hg/100 W), a photomulti-
iron [4] or mercuric nitrate [13]. However, all of these plier tube (Thorn EMI; Ruislip, Middlesex, UK) and
holder, a picoammeter (Keithley, Cleveland, OH, USA),
a reagent reservoir, an injection port, a cuvette, a syringeKey words: cotransport, furosemide, DIDS, bromide, kidney, thick
ascending limb. pump (Orion Research, Boston, MA, USA), a chart re-
corder, and a dissecting microscope with a pipette holder.Received for publication December 30, 1997
The light from the spectral lamp is brought into theand in revised form August 4, 1998
Accepted for publication August 4, 1998 cuvette via an optical fiber (General Fiber Optics, Inc.,
Cedar Grove, NJ, USA). A 350 nm primary filter is used 1999 by the International Society of Nephrology
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Fig. 1. Schematic diagram of the ultramicro-
fluorometer used to measure chloride with
the 6-methoxy-N-(3-sulfopropyl) quinolinium
(SPQ). PMT is photomultiplier tube.
to filter the light before it enters the fiber. A Wrattent of the recording device, and the position of the photo-
gelatin filter (Eastman Kodak, Rochester, NY, USA), multiplier tube are adjusted for maximum sensitivity.
which blocks light below 500 nm, is used as a secondary
Operationfilter between the cuvette and the photomultiplier tube
(Thorn EMI Electron tubes, type 9826B). The reservoir, The Silastict tubing of the ultramicrofluorometer is
which is simply a Pasteur pipette, is connected to the backfilled through the syringe pump to clear all air bub-
injection port. The injection port is made of borosilicate bles. The Pasteur pipette is then loaded with 0.25 mm
glass (o.d. 1.2 mm, i.d. 1.0 mm) and has a hole approxi- SPQ (Molecular Probe, Eugene, OR, USA) in water,
mately 0.4 mm in its wall for injections. One end of the and the solution is drawn through the apparatus with a
injection port is drawn to approximately 0.30 mm so that syringe. At a rate of 2 to 2.5 ml/min, the syringe pump
the Silastict tubing can be attached to it. The Silastict is connected and set to continuously draw fluid through
tubing (i.d. 0.30 mm) runs from the injection port to one the system. Samples (9.7 nl sample) have to be gently
end of the cuvette, which is a 3 cm piece of borosilicate injected via the injection port as often as once every four
glass (i.d. 0.30 mm) and then from the other end to the to five minutes. As samples are carried by the flowing
syringe pump. The optical fiber enters the Silastict tubing solution, the Cl2 reacts with the dye. We set the syringe
at its junction with the proximal end of the cuvette. pump at this rate to have the greater signal. When this
The cuvette sits in a tunnel that traverses the photo- bolus reaches the cuvette, the photomultiplier tube de-
multiplier tube holder. This is simply a block of nonfluo- tects a decrease in basal fluorescence, and it is recorded
rescent, opaque material (in this case, aluminum) in which as a peak by the chart recorder. The peak height was
a 2.54 cm hole is drilled to a depth of 6 cm. Another based on the peak departure of the recorded signal from
1.5 mm hole is drilled at a right angle to the first, bisecting the baseline signal.
the 2.54 cm hole at its base in order to form a tunnel.
The cuvette and its tubing are threaded through the
RESULTStunnel so that the cuvette lies at the base of the 2.54 cm
First, we determined the response of the assay to vary-hole, and the photomultiplier tube is advanced in the
ing Cl2 concentrations in the physiological range usinghole until it just touches the cuvette. Both the cuvette
sundry NaCl solutions. Figure 2 shows typical signalsand photomultiplier tube are then sealed in place with
emitted by 100, 150, and 200 mm NaCl. Figure 3 showsblack silicone adhesive to prevent light leaks. The output
the response from 5 to 200 mm NaCl. The correlationof the photomultiplier tube is recorded on the picoam-
of peak heights and Cl2 concentrations was linear. Themeter (485 Autoranging Picoammeter; Keithley). The
minimum Cl2 concentration tested was 5 mm, which alsooutput of the picoammeter can be recorded either digitally
approximates the minimum detectable concentration ofor on a chart recorder. The voltage supplying the photo-
multiplier tube, the range of the picoammeter, the range the assay as described here. It may be possible to achieve
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Table 1. Response to various biological non-chloride anions
Sample Peak height (a.u.)
100 mm NaCl 86.7 6 1.3
500 mm NaHCO3 5.3 6 0.6
25 mm NaHCO3 No detectable reponse
2.5 mm Na2HPO4 No detectable response
10 mm HEPES No detectable response
100 mm HEPES 20.0 6 0.6
60 mm MgSO4 No detectable response
Values are means 6 sd (N 5 3 to 4). Abbrevation a.u. is arbitrary units.
greater sensitivity by adjusting different parameters;
however, we were attempting to achieve a linear re-
sponse over a broad range of physiologically important
Cl2 concentrations. Peak heights (N 5 3) in arbitrary
units (a.u. 6 sd) were 4.3 6 0.5 at 5 mm, 11.5 6 0.5 at
10 mm, 43.8 6 at 50 mm, 75.0 6 1.7 at 100 mm, 110.5 6
0.9 at 150 mm, and 148.5 6 3.4 at 200 mm NaCl. The
slope of the relationship between the decrease in fluo-
rescence and Cl2 concentration was 0.72 a.u./mm. The
reproducibility of the response was extremely good, with
the coefficient of variations being 4.6% at 5 mm, 1.7% at
10 mm, 1.6% at 50 mm, 1.0% at 100 mm, 0.4% at 150 mm,
and 1.1% at 200 mm. The average coefficient of variation
Fig. 2. Typical peaks obtained with 100, 150, and 200 mm NaCl. Re- over the range of 5 to 200 mm was 1.7%. The average
sponses to 9.7 nl of each concentration of NaCl are shown. resolution (defined as two times the standard error di-
vided by the slope) was 1.0 mm between 5 and 50 mm
and 2.6 mm between 50 and 200 mm.
Because physiological experiments are performed in
the presence of other anions that may interfere with the
assay, we tested the effect of other nonchloride anions
on the signal emitted by SPQ. Table 1 summarizes the
biological nonchloride anions used in this study. At phys-
iological concentrations, none of the biological nonchlo-
ride anions gave any signal. Whereas 500 mm NaHCO3
and 100 mm HEPES yielded small signals equivalent
to 6.0 6 0.7 and 23.0 6 0.7 mm Cl, respectively, the
nonbiological anion NaBr (150 mm) responded with a
significantly greater peak height equivalent to 264 6 2
mm NaCl.
Because pH may also vary in physiological experi-
ments, we examined the effect of changing pH on the
response. To investigate whether pH may affect the sig-
nal of the chloride-SPQ complex, we also examined the
effect of varying pH on the response to 100 mm. Peak
heights in response to 200 mm Cl2 at pH 6.0, 7.1, and
9.5 were 152 6 1, 152 6 1, and 155 6 1 a.u., respectively.
Thus, only a small effect of pH on the signal emitted by
100 mm NaCl was apparent at pH 9.5, well beyond that
expected to occur in a physiological experiment.
Chloride absorption can be inhibited by the loop di-
uretic furosemide in the thick ascending limb [1] or withFig. 3. Standard curve for NaCl. Samples containing different concen-
diisothiocyanostilbene-2,29-disulfonic acid in other typetrations of NaCl were injected with a 9.7 nl pipette. Mean values 6 sd
are shown (N 5 3 to 4; y 5 0.72x 1 3.6; r 5 0.999). of cells [16]. Thus, we tested whether furosemide would
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interfere with the assay. When 100 mm NaCl samples significantly over the two to three hours. If the peak
were injected, the mean response was 90 6 1.2 a.u., height of the sample with a known concentration of chlo-
whereas 100 mm NaCl plus furosemide (100 mm) gave a ride changed significantly, it indicated that a bubble was
signal of 91 6 2 a.u. (NS). Thus, furosemide did not forming in the flowing stream. The frequency of this
interfere with the signal emitted by the chloride-SPQ problem can be reduced with careful preparation of the
complex. Finally, we tested the chloride channel antago- reservoir solution, such as degassing with a vacuum the
nist, diisothiocyanostilbene-2,29-disulfonic acid (1024 m solution 15 minutes at room temperature before each
DIDS), and it did not interfere with the assay ability to experiment.
detect physiological concentrations of NaCl (D 23.3 6 With this compound, the cost of measuring 100 sam-
3%, 150 mm NaCl vs. 150 mm NaCl 1 DIDS, N 5 3). ples is less than five cents. In addition, the equipment
can be conveniently used to measure nanoliter samples
of other markers, such as raffinose [17], bicarbonate [18],DISCUSSION
glucose [19], and ammonium [1].
Measurement of Cl2 flux in the isolated perfused tu- In conclusion, this report describes a new fluorometric
bule has been difficult and time consuming, requiring method to measure picomole quantities of chloride. The
either radioactive material, very specialized and custom- method is highly specific for chloride, with a resolution
made equipment, or special training. We developed a of 1 mm between 5 and 50 mm and 2.6 mm between 50
simple, low-cost technique that provides rapid and con- and 200 mm, using a 9.7 nl sample. Samples can be in-
sistent measurements of Cl2 from nanoliter samples us- jected once every four minutes; consequently, chloride
ing the fluorescent indicator SPQ [15]. This method was
can be measured in “real time” during the experiment.
developed so that Cl2 fluxes could be easily determined
The ultramicrofluorometer used for the assay can bein isolated, perfused renal tubules, in which Cl2 concen-
constructed primarily from commercially available com-tration generally ranges from 50 to 150 mm, while the
ponents with a minimum of custom machining or elec-sample size ranges from 5 to 10 nanoliters. This new
tronics. Given these attributes, this method representsmethod offers advantages over the other techniques.
a significant improvement over existing methods.One advantage over the other methods is that the Cl2
concentration in the sample (9.7 nl) can be determined
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